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Superlattice plasmon mode in a grating of two-dimensional electron strips
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We investigate GaAs/AlGaAs heterostructure membranes with a metasurface made up of a grating of two-
dimensional electron system strips. Experiments have revealed a strong plasma resonance in the transmission
of the metasurface. We have found that a collective effect from the superlattice, along with lateral screening
between the strips, leads to the emergence of a plasmon mode in the metasurface under study. Furthermore, we
develop an analytical approach that accurately describes the behavior of the discovered superlattice plasmon
mode, providing insights into the fundamental physics of plasmonic metasurface systems.
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I. INTRODUCTION

Plasma excitations in two-dimensional electron systems
(2DESs) have been the focus of active research for the past
50 years [1–7]. This interest stems from potential applications
in the field of terahertz (THz) electronics [8–12]. Pioneer-
ing experiments on plasma waves in two-dimensional (2D)
semiconductor systems have been carried out using a type of
plasmonic metasurface known as a plasmonic crystal [13–15].
The plasmonic crystal represents a 2DES with a periodic gate
deposited on the crystal surface over the 2DES.

Subsequent research focused on plasmon excitations in an
array of 2DES disks [16–20] and strips [21–26]. The spec-
trum of 2D plasmons in such metasurfaces was historically
analyzed based on the plasma oscillations in each individual
metasurface element [27]. In turn, the plasmon frequency is
given by the formula [28,29]

ωp(q) =
√

nse2

2 m∗ε0εeff
q (q � ω/c). (1)

Here, q is the wave vector of the plasmon excitation, ns and m∗
are the density and the effective mass of the 2DES electrons,
while ε0 and εeff denote the vacuum permittivity and the ef-
fective permittivity of the surrounding medium. For the 2DES
strip with a width of w, the wave vector is typically assumed
to be q ≈ 3π/4w [30–34]. The final frequency of the plasmon
excited in the metasurface structure is then determined based
on a model of interacting dipoles between the neighboring
elements in the lattice.

It should be noted that the metasurface made up of a grating
of 2DES strips shows great potential for terahertz applica-
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tions. Predictions suggest that such a tunable metasurface
could function as an effective THz amplitude and phase mod-
ulator, enabling beam steering and wave front shaping [35,36].
The primary factor that distinguishes plasmonic metasurfaces
is the significant tunability of the 2DESs. This is achieved by
changing the electron density or applying an external mag-
netic field, allowing for continuous tuning of the properties of
the plasmonic metasurface.

In the present paper, we report on terahertz spectroscopy
experiments on the GaAs membranes with a grating of strips
formed lithographically in a high-mobility 2DES. The devel-
oped metasurface demonstrates a strong plasmonic response
when the incident radiation polarization is perpendicular to
the strips. We find that a superlattice collective effect, together
with lateral screening between the strips, leads to the emer-
gence of a plasmon mode with frequency

ωsp =
√

nse2

2 m∗ε0εeff

π

p

1

ln
( p

2πh

) + 2
, (2)

where p is the metasurface period, h = p − w is the gap
between the 2DES strips, which is assumed to be small com-
pared to p, and εeff = (1 + εGaAs)/2 is the effective dielectric
permittivity. The developed theory (2) has proved to be in
good agreement with experimental data. Note that the fre-
quency (2) approaches zero as the gap h closes. This is the
distinguishing feature of the superlattice plasmon mode. The
obtained results establish the scientific grounds for construct-
ing plasmonic metasurface elements for the development of
terahertz systems.

II. MATERIALS AND EXPERIMENTAL METHODS

The samples were made from the industrial
Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As heterostructures grown
by the molecular beam epitaxy. The wafer has a 20 nm
wide quantum well grown at a distance of 210 nm below
the crystal surface. The quantum well hosts the 2DES with
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FIG. 1. (Left) E-beam photo of the sample comprising a grating
of isolated 2DES strips. The area of the 2DES is highlighted in
yellow. Each 2DES strip has a width of w = 23 µm, and the period is
p = 25 µm. (Right) Schematic of the plasmonic metasurface device.
The two-dimensional electron system is represented in yellow, while
the GaAs substrate is shown in blue. The coordinate system is pro-
vided in both panels to indicate the orientation of the structures and
to facilitate comparison between the micrograph and the schematic.

the density ns = 9.3 × 1011 cm−2 and electron mobility
μ = 105 cm2/(V s) at T = 5 K. In computations, we
take an effective mass of electrons m∗ = 0.071 m0 due
to the nonparabolicity of the electron conduction band
occurring at such high 2D electron density [37,38]. The
semiconductor wafer was cut into 1 × 1 cm2 samples. Then,
we lithographically fabricated a grating of 2DES isolated
strips (Fig. 1). For eight samples, the metasurface period is
fixed (p = 25 µm) and the strip width varies from w = 13 to
23.7 µm. Details of the samples’ geometry are given in the
Supplemental Material [39]. All samples were etched from
the back side with a citric acid solution to achieve a uniform
membrane whose thickness varied for different samples from
35 to 45 µm [40]. The sample was mounted at the end of the
sample holder, which was inserted into the cryostat at the
center of the superconducting coil. The cryostat was equipped
with two mylar windows coplanar to the surface of the sample.
The phase/intensity of the electromagnetic wave that passed
through the sample was investigated using a Mach-Zehnder
interferometer [41]. A set of backward-wave oscillators
has been used as a source of radiation in the frequency
range of interest, f = (40–500) GHz. The electromagnetic
radiation was polarized perpendicularly to the 2DES strips.
The transmittance through the sample was measured using a
He-cooled bolometer. All experiments were conducted at a
base sample temperature of 5 K.

III. RESULTS

The inset to Fig. 2 shows the transmission spectrum
recorded for a metasurface period of p = 25 µm and a strip
width of w = 21.5 µm. A clear plasmon resonance is observed
at fp = 0.2 THz, superimposed on the Fabry-Pérot transmis-
sion function of the bare dielectric membrane [42]:

TFP = 1

1 + 1
4

(√
ε − 1√

ε

)2
sin2

(√
ε ωd
c

) , (3)

where ε = 12.8 is the dielectric constant of GaAs and thick-
ness of the membrane d = 40 µm.

To eliminate the Fabry-Pérot background and spuri-
ous resonances of the quasioptical path, we divide the
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FIG. 2. The normalized transmission spectra of three samples
with different strip spacings, specifically h = 12, 3.5, and 1.3 µm.
All three samples share the same period, p = 25 µm. For clarity, the
curves have been vertically shifted by one unit. The inset shows the
transmission spectrum of the h = 3.5 µm sample without normaliza-
tion. The solid red line represents the Fabry-Pérot function (3) for the
bare dielectric membrane with no 2DES.

transmission at B = 0 T by the transmission through the
sample at B = 7 T. At such a strong magnetic field, when
ωcτ = (eB/m∗)τ � 1 and ωc � ω, the motion of the 2D
electrons in the quantum well plane is quenched in cyclotron
orbits. As a consequence, the 2DES does not affect the trans-
mittance [43]. The resultant normalized transmission spectra
recorded for three samples with different 2DES strip widths
w = 13, 21.5, and 23.7 µm but fixed metasurface period p =
25 µm are shown in Fig. 2. The plasmon resonance moves to
a higher frequency as the gap between the strips is increased.

However, the experimentally obtained values of the plas-
mon frequency differ significantly from those predicted by
the standard dispersion equation (1). Indeed, Fig. 3 shows
how the plasmon frequency depends on the gap between the
2DES strips, h/p = (p − w)/p. This dependence was mea-
sured across eight samples, all with the same period of p =
25 µm. The solid blue line in the figure represents the theoret-
ical prediction based on Eq. (1) with q = 3π/4w. It is clear
that there is a significant discrepancy between this theoretical
prediction and the experimental results, even with significant
spacing between the individual strips. To better understand the
situation underway, we have developed a theoretical frame-
work to describe the behavior of the plasmonic metasurface
under consideration.

IV. ANALYTICAL MODEL

The theoretical analysis is based on the solution of
Maxwell’s equations and the determination of the response
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FIG. 3. Dependence of the plasmon frequency on the h/p. The
period of the plasmonic metasurface was maintained at a fixed value
of p = 25 µm. The solid red line represents a theoretical prediction
(2), while the blue line presents the standard 2D plasmon frequency
(1) in a single strip with wave vector q = 3π/4w. The solid black
line shows the result of simulation in the HFSS three-dimensional
(3D) high-frequency simulation software. The dotted curve in Fig. 3
depicts the result for the analytical prediction from Ref. [33]. Top
inset displays the color maps of field |E | distribution at the plasmon
resonance for h = 0.25, 2.5, and 12.5 µm (p = 25 µm). The 2DES
strip is located at the center of each color map.

of the system to the external radiation incident normally on
the metasurface. Overall, the approach follows that applied
in Refs. [44–46] devoted to the electromagnetic response of
plasmonic crystals.

Since the system is periodic, the electric and magnetic
fields can be decomposed into spatial series as follows:

E(x, z, t ) =
∞∑

k=−∞
Ek (z)eiqkx−iωt ,

H(x, z, t ) =
∞∑

k=−∞
Hk (z)eiqkx−iωt , (4)

where k and qk = 2πk/p are the number of the harmonic and
the corresponding wave vector, x axis is directed across the
strips, while y and z axes are directed, respectively, along the
strips and perpendicular to the metasurface (Fig. 1).

In the absence of an external magnetic field, and as the
electric field of the incident radiation polarized in the x di-
rection, only the transverse magnetic (TM) modes with the
field components (Ex, Hy, Ez ) are excited in the system. The
electromagnetic response is described by the ratio of the self-
consistent x component of the electric field arising in a gap
between the strips to the amplitude of Ex component in the
incident radiation. The maxima of this ratio correspond to the
excitation of TM modes in the system. The detailed derivation

of the response function can be found in the Supplemental
Material [39], while the main points and approximations are
discussed below.

First, we note that the period of the structure, the dis-
tance between the center of the quantum well and the crystal
surface, d = 220 nm, and the thickness of the membrane
(substrate), D = 35–45 µm, are small compared to the wave-
length of the radiation. At a frequency of f = 200 GHz, the
wavelength is λ = c/ f

√
εGaAs ≈ 0.42 mm. This indicates that

electromagnetic retardation effects can be neglected when
describing the TM modes with finite values of qk (where
k = 1, 2, . . .). Essentially, these modes are quasielectrostatic
plasmons that occur in an array of 2D strips [30]. However, the
influence of electromagnetic retardation persists in the k = 0
spatial harmonic, which accounts for the scattered electro-
magnetic waves and leads to the radiative broadening of the
plasma resonances.

Second, since in the experiment under consideration the
distance h is relatively small—specifically, the ratio h/p does
not exceed 0.5—it is natural to derive and solve the equa-
tion for the electric field Ex in the gap between the strips
of the metasurface. Next, to find the frequencies of plasma
resonances explicitly, we use a model function for the desired
electric field; namely, we take the electric field to be uniform
within the gap. This model can be treated as the use of one
function in the expansion of the field into a series of polyno-
mials and, in principle, a larger number of polynomials can
be taken into account. Nevertheless, the uniform field model
provides results that already agree well with experimental
data.

Under the assumption that the electron relaxation rate due
to collisions with impurities and phonons and the radiative
decay rate of plasma modes are both significantly less than
the resonant frequencies, the latter can be determined as the
zeros of the denominator of the response function [39]. With
above approximations in place, resonant plasmon frequencies
can be found from the following equation:

1 + 2
+∞∑
k=1

1

1 − ω2
pkκk/ω2

(
sin(πkh/p)

πkh/p

)2

= 0, (5)

where ωp is defined by Eq. (1) with q = 2π/p and ε = εGaAs.
The coefficient κk = 1 + (ε − 1)e−2qk d/(ε + 1) results from
the finite thickness of the cap layer d . Throughout derivation
of formula (5), the high-frequency Drude model for conduc-
tivity, σ (ω) = e2ns/(−iωm∗), is assumed.

It is important to note that Eq. (5) describes all resonances
that can be excited by a plane wave incident normally on
the metasurface. In principle, the frequencies of the plas-
mon resonances can be determined numerically using Eq. (5).
However, in the analysis below, we will focus solely on the an-
alytical investigation of the fundamental plasmon resonance.
We expect that the frequency of this resonance is low and
the condition ω2 � ω2

p is fulfilled. Under this condition, we
neglect one in the denominator of all terms in the sum (5),
except for the term with k = 1. Additionally, we take that
strips are situated just at the surface of the substrate and ne-
glect the value of the finite cap layer thickness d . Accordingly,
we substitute κk in Eq. (5) with κ̄ = (εGaAs + 1)/2, which
corresponds to the average dielectric permittivity. Then, under
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the condition that h � p, the sum on the left-hand side of
Eq. (5) can be found as follows:

+∞∑
k=1

sin2(πkh/p)

k3(πh/p)2
≈ ln

( p

2πh

)
+ 3

2
. (6)

After that, we arrive at the final expression (2) for the fre-
quency of the fundamental superlattice plasmon mode. It is
the logarithmic factor (6) that represents the mutual capac-
itance between the strips leading to zero frequency of the
superlattice plasmon mode as the gap h closes. There is a
remarkable agreement between the analytical formula (2) dis-
played in Fig. 3 by a solid red curve and the experimental
data. Additional experiments conducted on a series of samples
with a fixed gap between the 2DES strips (h = 2 µm) and
superlattice periods p = 25, 20, and 14.5 µm validate that the
plasmon frequency is governed by the full set of metasur-
face parameters and not the duty cycle, h/p, alone (see the
Supplemental Material [39]).

To further validate our theoretical model, we performed
full-wave numerical simulations using the HFSS finite-
element solver (3D high-frequency simulation software). The
fabricated arrays comprise approximately 400 periods, allow-
ing us to model the structure as an infinite periodic grating
by applying periodic boundary conditions. We employed
automatic adaptive meshing to ensure convergence of the
eigenfrequency and field profiles. The simulated superlattice
plasmon frequency is shown by the solid black line in Fig. 3,
exhibiting excellent agreement with both the proposed model
and the experimental data. The simulations also elucidate the
physical character of the superlattice mode. The top inset of
Fig. 3 presents color maps of the electric-field magnitude, |E |,
at resonance for strip separations h = 0.25, 2.5, and 12.5 µm.
For large separations, the field is concentrated predominantly
within the body of the 2DES strip. In contrast, as the gap
narrows, the field localizes in the interstrip region with pro-
nounced enhancement.

It is also instructive to consider the limit of a vanishing
gap between adjacent 2DES strips. In this case, the frequency
of the fundamental plasmon mode predicted by Eq. (2) tends
to zero. At the same time, the structure continuously evolves
into a uniform, ungated 2D electron channel, whose plasmon
spectrum is governed by the ordinary dispersion relation,
Eq. (1). These two statements are not contradictory. As shown
in the Supplemental Material [39], within our theoretical
framework the higher-order plasmon resonances approach the
ordinary 2D plasmon dispersion, Eq. (1), with wave vectors
q = (2π/p) × N (N = 1, 2, . . .) in the limit of a disappearing
interstrip gap.

V. DISCUSSION

We should note that several attempts have been made to
analytically describe plasmons in the metasurface under study
[33,47–49]. However, these theories start with a trial function
for the field (or current) within the strips and then extend their
consideration to the lattice of strips. This approach overlooks
the effects of the superlattice. For instance, the dotted curve
in Fig. 3 represents the result for the analytical prediction
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FIG. 4. Magnetodispersion of the observed plasma resonance.
The dashed line denotes the cyclotron resonance ωc = eB/m∗. The
solid line represents the hybrid magnetoplasma law ω2 = ω2

sp + ω2
c .

The metasurface strip width is w = 23.7 µm, with a period of p =
25 µm.

from Ref. [33]. The agreement with experimental results is
not satisfactory.

To further explore the physical nature of the observed
superlattice plasmon mode, we measured the frequency po-
sition of the plasmon resonance as a function of the magnetic
field applied perpendicular to the 2DES plane (Fig. 4). The
experiment was conducted with a metasurface having a gap
between the 2DES strips of h = 1.3 µm. The resonance starts
at a plasmon frequency ωsp/2π = 175 GHz and rapidly sat-
urates at the cyclotron resonance frequency, given by ωc =
eB/m∗ (dashed line in Fig. 4). The resonance frequency fol-
lows the law ω2 = ω2

sp + ω2
c , depicted by solid line in Fig. 4.

The magnetodispersion in Fig. 4 is typical for quasielectro-
static magnetoplasma excitations [14]. The revealed magne-
todispersion is also briefly discussed in the Supplemental
Material [39].

VI. CONCLUSION

In conclusion, we have investigated the terahertz response
of a semiconductor membrane with a periodic grating of
strip-shaped 2DES elements. When the wavelength of the
incident radiation is much larger than the grating period, the
device behaves like a plasmonic metasurface whose properties
can be engineered by the geometry of the strip elements.
We discovered that a collective effect from the superlattice,
combined with lateral screening between the strips, gives rise
to the emergence of a superlattice plasmon mode. This mode
arises from the superposition of standing plasma waves across
all wave vectors of the metasurface’s reciprocal lattice. We
developed an analytical expression for the frequency of the
mode, which shows remarkable agreement with experimental
results. The distinguishing feature of the mode is that its fre-
quency approaches zero as the gap between the strips closes.
The obtained results establish the scientific foundation for
the development of plasmonic metasurface components for
terahertz electronics.
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